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ABSTRACT: Electrical and thermal transportation properties
of a novel structured 3D CNT network have been systemati-
cally investigated. The 3D CNT net work maintains extremely
low thermal conductivity of only 0.035 W/(m K) in standard
atmosphere at room temperature, which is among the lowest
compared with other reported CNT macrostructures. Its
electrical transportation could be adjusted through a
convenient gas-fuming doping process. By potassium (K)
doping, the original p-type CNT network converted to n-type,
whereas iodine (I,) doping enhanced its electrical conductivity.
The self-sustainable homogeneous network structure of as-
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fabricated 3D CNT network made it a promising candidate as the template for polymer composition. By in situ nanoscaled
composition of 3D CNT network with polyaniline (PANI), the thermoelectric performance of PANI was significantly improved,
while the self-sustainable and flexible structure of the 3D CNT network has been retained. It is hoped that as-fabricated 3D CNT
network will contribute to the development of low-cost organic thermoelectric area.
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1. INTRODUCTION

Nanoporous materials are a long sought-after class of materials
in the seeking of lightweight, high porosity and large specific
surface area materials. In recent years, different nanoporous
materials have been fabricated such as nanoporous metal
foams,’ macroporous silicon,” porous graphene oxide macro-
structure,” high porosity carbon nanotube (CNT) macro-
structure.”® Its unique structure and excellent properties
demonstrated potential applications in a variety of areas such
as catalytic materials,' organic thermoelectric materials,”
mechanical energy absorption,g_lo biomechanics,'! filtration,
and separation.'>"? In recent years, the development of organic
thermoelectric material has received special attention because
of its easy fabrication and low costs in potential applications to
achieve conversion between thermal and electrical energy
without moving mechanical components or hazardous working
fluids.

Performance of a thermoelectric material is evaluated by a
figure of merit, given by ZT = S’6T/k, where S, 6, T, and k are
the thermopower, electrical conductivity, temperature, and
thermal conductivity, respectively.'*"*® Conventionally, the
parameters of S, o, and k of three-dimensional semiconductors
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are interrelated. For example, an increase in ¢ could result in a
decrease in S, and also increase the carrier contribution to k,
which make it very difficult to achieve the improvement of ZT
value as a whole.'® In recent years, nanostructure design and
nanocompositing opens another promising direction for the
further optimization of conventional thermoelectric materials.
Besides the optimization of conventional thermoelectric
alloys,18’30 such as Bi,Te;, PbTe, etc., thermoelectric perform-
ances of organic polymers have also received significant
improvement by compositing the conductive organic polymers
with inorganic nanowires or nanoparticles. Among these
composites, CNTs/polyaniline (PANI) composite has received
extensive attentions due to its easy fabrication and low
costs."*™'® In such composites, PANI coats around CNTs
through 7 bounds, forming a kind of one-dimensional
concentric cable nano structure. The composite possesses
better thermoelectric property than either of its parent
components due to the uniformly fabricated nanostructures.
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Figure 1. Microstructure and electrical transportation properties of the CNT network: (a) SEM image of the CNTs showing network structures,
inset is the picture of an as-grown 3D CNT network; (b) electrical conductivity and thermopower of pristine CNT network in the temperature range
of 300—600 K; (c) thermopower of the CNT network after doping K and 1; (d) electrical conductivity of the CNT network after doping K and L,

However, macroscopically CNTs most commonly manifest the
aggregate powder configuration, which cause a crucial
dispersing problem of the CNTs because it is very easy to
twist together and aggregate.'>'® Recently, a kind of porous
spongelike multiwall CNT network was synthesized by
chemical vapor deposition.”” The 3D CNT network as a
nanoporous materials are original macroscopic structure based
on three-dimensional CNT network (3D CNT network) with
the porosity of above 98%.° This structure makes it a promising
template to fabricate nanocomposites of CNTs with organic
polymers that avoid the conventional dispersion problem of
CNT.”

In this paper, the thermal and electrical transportation
properties of the 3D CNT network have been investigated
systematically. Donor and acceptor doping processes are used
to modify the electrical transportation properties of pristine 3D
CNT network. On the basis of the structure of 3D CNT
network, a flexible polyaniline (PANI)/CNT composites were
also fabricated, which shows significantly improved thermo-
electric performance compared with both of its pristine parent
components. It is hoped that the 3D CNT network template
will contribute to the development of CNT-based composites
in potential organic thermoelectric areas.

2. EXPERIMENTAL SECTION

2.1. Fabrication of the 3D CNT Network. The 3D CNT
network has been fabricated using CVD according to our
previous reports.'” In brief, ferrocene powders were dissolved
in 1,2-dichlorobenzene to make a solution at a concentration of
0.06 g/mL, which was then continuously injected into the CVD
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furnace at a constant feeding rate of 0.13 mL/min. The reaction
temperature was 860 °C. Carrier gas of Ar and H,, was flowing
at a rate of 2000 and 300 mL/min, respectively.

2.2. Measurements of Electrical and Thermal Proper-
ties. For electrical transportation properties measurements,
the CNT network were cut into rectangular bars with the
approximate dimensions of 2 X 4 X 10 mm®, maintaining its
original density. Measurements of electrical conductivity and
thermopower were carried out using ZEM-3 (ULVAC-RLKO)
under the temperature range of 300 - 600 K. To measure the
thermal conductivity of CNT network, both laser flashing and
hotdisk methods have been applied: (1) In laser flashing
method, the measurement of thermal diffusivity (1) was carried
out in Ar atmosphere under either normal pressure around 1
atm or low pressure around 20 Pa (Netzsch LFA 427), and the
measurement was performed in the temperature range of 300—
600 K. The sample of CNTs was cut into disk shape (diameter:
10 mm, thickness: 2 mm), and sprayed with graphite in each
surface when carrying out the thermal diffusivity measurement.
The heat capacity C, of the CNT network was measured by
differential scanning calorimetry (PE DSC-2C) in the temper-
ature range of 300 - 500 K. Thermal conductivity k was
calculated from the relationship k = pAC,, where 1 is the
thermal diffusivity coefficient, C, is the heat capacity, and p is
the density of the material. (2) The hot-disk measurement has
been carried out using a standard device(ISO 22007—
2:2008)with self-made liquid heating and vacuum systems.
Thermal conductivities under either normal pressure around 1
atm or under low pressure around 20 Pa have been measured.
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2.3. Doping of K and I,. The doping K or I, is by gas
fuming method. The gas fuming process has been carried out
by sealing the 3D CNT network into a quartz tube under
vacuum atmosphere together with the solid gas source of K and
L, respectively (see the Supporting Information, Figure S1).
The solid gas source was placed in a graphite crucible, and the
CNTs were placed in a shelf above the crucible. The fuming
conditions are under 400 °C for 20 h for K, or under 80 °C for
20 h for L,

2.4. Fabrication of PANI/CNT Network Composites.
The fabrication of PANI/CNT network nanocomposites has
been carried out by fully immersing the CNTs in solvent: 100
mL 1 M HCI (water/alcohol: 1:2) mixed with 2.5 mL ethanol.
A certain amount of ammonium peroxidisulfate (APS) has been
resolved in 20 mL 1 M HCI. Then the APS solution was slowly
added dropwise to the aniline solution. The mixture was kept at
4 °C for 20 h for complete reaction. Finally, the PANI-coated
CNT network was washed with deionized water and acetone,
dried in a vacuum, and pressed into solid with density around
0.8 g/cm’.

3. RESULTS AND DISCUSSION

As-fabricated 3D CNT network maintains spongelike con-
struction with extremely low density around 10 mg/cm® and
high porosity of 99%, as showing in Figure la inset. From
further SEM observation (Figure 1a), the 3D CNT network is
composed of interconnected multiwall CNTs, which have
diameters around 30 nm and lengths convinced as several
micrometers. This special structure renders the 3D CNT
network very high structural flexibility that can be twisted,
bend, or pressed elastically. Also, the deformation can be either
maintained or recovered by further treatments,'” which makes
it possible to be changed into different shapes needed. The
electrical conductivity and thermopower of 3D CNT network
are around 120 S/m and 18 yV/K at 300 K, as shown in Figure
1b. Both parameters show positive temperature coefficient with
the rise of temperature up to 600 K. The positive thermopower
indicates that hole is the main carrier in the pristine 3D CNT
network. It might be caused by the doping effect of oxygen or
nitrogen in the air atmosphere, and the thermopower was
generated from resonance of density of state and electron—
phonon interaction during the electrical transportation from
interfaces of CNTs.*

The doping effect provides opportunities to further adjust
the electrical properties of CNT net work.’*™>* The self-
sustainable structure of 3D CNT network makes it more
convenient to carry out the redoping process and directly
investigate its electrical transportation properties using standard
methods. Here, potassium and iodine were chosen as the donor
and acceptor dopant for the redoping processes. After doping,
the alkali metal is homogeneous coating on the surface of the
CNTs and forming string of bead nanoparticle with the size of
about 100 nm (see the Supporting Information, Figure S2).
The electrical conductivity and thermopower of the 3D CNT
network after redoping are shown in ¢ and d in Figure 1. By
potassium fuming, the thermopower became negative in the
whole temperature range, which indicates a p—n transformation
of the 3D CNT network. This transform is caused by the alkali
metal donor doping, in which process potassium deposited or
intercalated into the CNTs and donatin§ electrons to the
framework of the 3D CNT network.’*™>* In contrast, after
iodine doping the electrical conductivity was enhanced more
than one time while the thermopower did not change

83

significantly. The initial fall of electrical conductivity from
300 to 350 K may be caused by the partially vaporization of
iodine that deposited on the CNT surface, after which point the
electrical conductivity continued similar increasing temperature
dependence as the original 3D CNT network. The increase in
the electrical conductivity could be caused by the acceptor
doping. During the iodine fuming process, iodine vapor
deposited or intercalated into the CNTs as (I;)~ and (L)~
polyiodide chains, donating one extra hole per three or five
iodine atoms to the valence band of the CNTs, thus enhancing
the main carrier concentration and improved the electrical
conductivity.”***

The thermal conductivity of the 3D CNT network has been
measured using both hot disk and laser flashing method in
different air pressures. The details of hot disk method were
illustrated in Figure S3 in the Supporting Information. The
thermal conductivities of 3D CNT network measured using
different methods were similar magnitude. It shows superlow
thermal conductivity, which around 0.02 W/(m K) in low
pressure around 20 Pa, and 0.035 W/(m K) in standard
atmosphere at room temperature, as shown in Figure 2a. The

(a)

4

" 0,051 DT

= i

=, 0.044 P

= e

2 &

S 0.034

k] P L ki 4

0 K

S 0.024 -

oo -v-20PaLF -a-1atmLF

g ~s-20Pa HD -e-1atm HD

5 0.01 v 7 7 r v

b 300 350 400 450 500

= Temperature / K

(b) 1.4
& > 1atm A 1

“c - AT {13
£ 3.04 ; —
: 7 {12
= 554 V4ETERY 3 K=
9 25 J11 3
£ 4 a
8 204 .\’\-\. 410©°
1l = os
5154 & 20 Pa 1
£
= Y v v 0.8

300 400 500

Temperature (K)

Figure 2. Thermal transportation properties of the 3D CNT network:
(a) Thermal conductivity of pristine CNT network measured by
methods of hot-disk (HD) and laser flashing (LF) in different pressure
of 1 atm and 20 Pa. (b) Detailed temperature dependence of thermal
diffusity of 3D CNT network at different pressures and the measured
thermal capacity.

thermal conductivity of the 3D CNT network is the lowest,
compared other reported CNT macrostructures like aligned
CNT array,7 aligned CNT sheets,”> SWCNT film?® and CNT
bulk?” (see Table 1). More details about thermal diffusity and
thermal capacity in laser flashing measurement are shown in
Figure 2b. The extremely low thermal conductivity of the 3D
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ACS Applied Materials & Interfaces

Research Article

Table 1. Thermal Conductivity Comparison of the 3D CNT
Network with Other Reported CNT Macrostructures

thermal conductivity

CNT types (W/mK) ref
3D CNT network 0.035 present
work
MWCNT array 0.06 7
MWCNT array (perpendicular 0.5 7
direction)
MWCNT sheets (along CNT 2.1 24
direction)
MWCNT sheets (along CNT S0 24
direction)
SWCNT film (perpendicular CNT 30 25
direction)
CNT bulk 42 26
MWCNT bundles 150 24
individual MWCNTs 600 24

CNT network should be attributed to its extremely low density
because of the extremely high porosity of the unique three-
dimensional framework structure. Generally speaking, two
factors, heat exchange and heat convection, contribute to the
thermal conductivity of the CNT network (radiation could be
neglected in the relatively low temperature range). The
difference of thermal conductivities at standard pressure and
low pressure shows the contribution of gas convection to the
total thermal conductivity of the 3D CNT network at standard
air pressure and room temperature. On the basis of our result,
at room temperature and standard pressure, gas convection

contributed about 43% of the thermal conductivity at 300 K,
whereas heat exchange through the framework of CNTs
counted for the rest 57%. Combining with the electrical
conductivity and estimating by Wiedemann—Franz law (as k. =
LooT, where L, is the Lorenz constant), it can be seen that
lattice vibration contributed most to the heat exchange, since
the carrier contribution was less than 3%.

The self-sustainable structure and conductive properties of
the 3D CNT network makes it one of the best skeletons or
template to carry out polymer/CNT compositing without the
commonly encountered CNT dispersing problem. For
demonstration here, polyaniline (PANI), which is a kind of
conductive polymers, has been by in situ polymerized on to the
surface of each single CNTs within the 3D network, as to
modify the thermopower of as-produced 3D CNT network.

As the photograph in the Figure 3a inset shows, after the
polymerization process, the as-produced PANI/3D CNT
network composites maintained the self-sustainable structure.
Unlike conventional PANI/CNT composites fabricated using
powderlike CNT and cold-press molding,'® as-produced
composite here maintains the original flexibility of the 3D
CNT network. It can be bent or pressed into different shapes,
which can be maintained by being kept in a mold and dried.
SEM images in Figure 3a,b further show that PANI chains
coated on the outer walls of the CNTs, forming a concentric
cable structure. This structure was formed through the
following processes."*™'® In the mixed solution for polymer-
ization, aniline hydrochlorides are oxidized by ammonium
peroxidisulfate (APS) to form insoluble polyaniline oligomers
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Figure 3. Modification the 3D CNTs network by coating PANL. (a, b) SEM image of the PANI/CNT composites in different magnification, with
inset shown its macro photo; (c) thermopower of the PANI/CNT composites (44% mass content of CNT), compared with pure PANI and CNT
network; (d) electrical conductivity of the PANI/CNT composites (44% mass content of CNT), compared with pure PANIL
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Table 2. Detailed Thermoelectric Properties of 3D CNT Network, PANI, and PANI/CNT Network Composite at Room

Temperature
samples density (g/cm®) electrical conductivity (S/m) thermopower (uV/K) thermal conductivity (W/(m K))  ZT value
3D CNT network 0.011 123 182 0.02 6.0 x107*
PANI 127 911 1.0 0.38 7.0%x 1077
PANI/3D CNT network Composite 0.8 4035 233 0.29 22%1073
(a) (b) 6000
304 . ~
-~ o 44% - 67%
¢ o051 16% 67% & 50004 .
> 100% - 44%
2 2 7
~ 204 = 40004
e >
o b 16%
3 159 S 30004
o T
2 101 & 2000
E o
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S
R :
Mass Percentage of CNT network w Mass Percentage of CNT network

Figure 4. (a) Thermopowers and (b) electrical conductivities of the PANI/CNT network composites with different mass percent of 3D CNT

network at 373 K.

and polymers, which interact strongly with the z-bonded
surface of the CNTs and deposit at the surface of the CNTs,
forming a tubular coating nano layer. Different proportion
between PANI and CNT can be controlled adjusting the aniline
concentration of the reacting solution.

As to better control the density and shape of the composite
samples in electrical and thermal transport properties measure-
ments, as-produced PANI/3D CNT network composites were
pressed tightly to density around 0.8 g/cm?, and cut into shapes
of either rectangular bars in electrical transportation measure-
ment or round disk (see more details in Figure S4 in the
Supporting Information) in thermal conductivity measurement.
As shown in Figure 3¢, the thermopower of the composites
exceeded either of its components in the whole temperature
range, which manifests an unconventional composite advantage
that is different with that in conventional 3D semiconductor
theory, which maintains that the thermopower of composites
through simply mixture could not exceed the highest
thermopower of its components.'*'® Compared with pure
PANTI, the electrical conductivity of the composites have been
significantly improved (Figure 3d). Table 2 compares more
details about thermoelectric properties of pure PANI, CNT
network and PANI/CNT network composites (with 44% CNT
content) at room temperature. It can be seen that after the
pressing, both thermal and electrical conductivities of the
composite sample were enhanced compared with pristine CNT
network. Nevertheless, the electrical conductivity increased
more significantly compared with that of thermal conductivity.
Besides, the thermopower was also enhanced after compositing.
As a result, the ZT value of the composite sample (0.0022)
exceeded both pure PANI and pristine 3D CNT network.
Figure 4 shows the electrical conductivities and thermopowers
of the PANI/3D CNT network composites with different mass
proportion of CNT/PANI. Electrical conductivities of the
composite samples were enhanced with the increase of CNT
content (electrical conductivity of pristine 3D CNT network
was not compared due to its significantly different low density).
Besides, it can be seen that the thermopower reached the
maximum when the mass percentage of CNT reached about
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44%, and all the composites have higher thermopower
compared with pure PANI and 3D CNT network. Rather
than the variation of carrier concentration, the enhancement of
thermopower should be attributed to the design of nanostruc-
ture and interface. Because of the z-bond interaction of as-
formed one-dimensional PANI with CNTs, the types of bounds
(or state for transportation) at interface has been increased.
When carriers hopping over these interfaces (CNT—CNT,
CNT—-PANI, or PANI-PANI), the z-bond would introduce
additional states of the carriers. As a result, the thermopower
could be enhanced.

On the basis of the above analysis, the 3D CNT network is a
promising candidate in the fabrication of CNT/PANI
composites, without encountering the conventional problem
of CNT congregating. The thermoelectric performance of the
composite improved significantly compared with both of its
pristine components, while the structure and flexibility of the
3D CNT network has been retained.

4. CONCLUSIONS

In conclusion, the electrical and thermal transportation
properties of a novel structured 3D CNT network have been
systematically investigated. The thermal conductivity of the 3D
CNT network is only 0.035 W/(m K) in standard atmosphere
at room temperature, which is among the lowest compared
with other reported CNT fabrications. The electrical properties
of the 3D CNT network have been adjusted through
convenient gas-fuming doping process. Through K fuming,
the original p-type 3D CNT network converted to n-type, while
I, gas fuming enhanced its electrical conductivity. On the basis
of its self-sustainable homogeneous network structure, the 3D
CNT network has been used as a template to composite with
PANI. Through nanoscaled interface modification, the thermo-
electric performance of the composites exceeds either of its
components. At the same time, the structure and flexibility of
the 3D CNT network can be retained. It is hoped that as-
fabricated 3D CNT network would contribute to the
development of low-cost organic thermoelectric area.
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Schematic illustration of the doping process of K or I, by gas
fuming; SEM images of the CNT network after dopting K;
Mlustration of the self-made Hot-disk equipment used for
thermal conductivity measurement; photos of the PANI/3D
CNT network composite sample used for thermal conductivity
measurement. This material is available free of charge via the
Internet at http://pubs.acs.org.
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